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The nucleon spin structure has been an active, exciting and intriguing subject 
of interest for the last three decades. Recent experimental data on nucleon spin 
structure at low to intermediate momentum transfers provide new informa- 
tion in the confinement regime and the transition region from the confinement 
regime to the asymptotic freedom regime. New insight is gained by exploring 
moments of spin structure functions and their corresponding sum rules (i.e. the 
generalized Gerasimov-Drell-Hearn, Burkhardt-Cottingham and Bjorkcn). The 
Burkhardt-Cottingham sum rule is verified to good accuracy. The spin struc- 
ture moments data are compared with Chiral Perturbation Theory calculations 
at low momentum transfers. It is found that chiral perturbation calculations 
agree reasonably well with the first moment of the spin structure function gi at 
momentum transfer of 0.05 to 0.1 GeV'^ but fail to reproduce the neutron data 
in the case of the generalized polarizability Si^j- (the (S^y puzzle). New data 
have been taken on the neutron ('^He), the proton and the deuteron at very low 
down to 0.02 GeV^. They will provide benchmark tests of Chiral dynamics 
in the kinematic region where the Chiral Perturbation theory is expected to 
work. 
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1. Introduction 

In the last twenty-five years the study of the spin structure of the nucleon 
led to a very productive experimental and theoretical activity with exciting 
results and new challenges.^ This investigation has included a variety of 
aspects, such as testing QCD in its pcrturbative regime via spin sum rules 
(like the Bjorken sum rule^) and understanding how the spin of the nucleon 
is built from the intrinsic degrees of freedom of the theory, quarks and glu- 
ons. Recently, results from a new generation of experiments performed at 
Jefferson Lab seeking to probe the theory in its non-perturbative and tran- 
sition regimes have reached a mature state. The low momentum-transfer 
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resiilts offer insight in a region known for the coUective behavior of the 
nucleon constituents and their interactions. Furthermore, distinct features 
seen in the nucleon response to the electromagnetic probe, depending on 
the resolution of the probe, point clearly to different regimes of description, 

1. e. a scaling regime where quark-ghion correlations are suppressed versus a 
coherent regime where long-range interactions give rise to the static prop- 
erties of the nucleon. 

In this talk wc describe an investigation^"^ of the spin structure of the 
nucleon through the measurement of the helicity-dependent photoabsorp- 
tion cross sections or asymmetries using virtual photons across a wide res- 
olution spectrum. These observables are used to extract the spin structure 
functions gi and 52 and evaluate their moments. These moments are pow- 
erful tools to test QCD sum rules and Chiral Perturbation Theory calcula- 
tions. 

2. Sum rules and Moments 

Sum rules involving the spin structure of the nucleon offer an important 
opportunity to study QCD. In recent years the Bjorken sum rule at large 
(4-momentum transfer squared) and the Gerasimov, Drell and Hearn 
(GDH) sum nile^° at = have attracted large experimental and theo- 
retical efforts'^ that have provided us with rich information. Another type 
of sum rules, such as the generalized GDH sum rule^^ or the polarizability 
sum rules, relate the moments of the spin structure functions to real or 
virtual Compton amplitudes, which can be calculated theoretically. These 
sum rules are based on "unsubtracted" dispersion relations and the optical 
theorem. 

Considering the forward spin-flip doubly-virtual Compton scattering 

(VVCS) amplitude gTT and assuming it has an appropriate convergence 
behavior at high energy, an unsubtracted dispersion relation leads to the 
following equation for^'^^ gTT- 

T3 r f r,2-, pole, ^2m / ^ ^-r> f°° ^('^'■Q'')'^tt{''\Q'-^) , I 

Re[gTT{i^,Q )-gTT {^^Q n = (^)^ j j^,2 _ y-2 ' (1) 

where g^}^ is the nucleon pole (elastic) contribution, V denotes the princi- 
pal value integral and K is the virtual photon flux factor. The lower limit 
of the integration vq is the pion-production threshold on the nucleon. A 
low-energy expansion gives: 

MSTTiy. Q^) - ff^T Q')] = {^)Itt{Q^)v + loiQ^y + 0{v^). (2) 
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Combining Eqs. (1) and (2), the 0{i') term yields a sum rule for the gen- 
eralized GDH integral:^'^^ 



2M2 r^" 



-dv 



2M' r 

'W Jo 



dx. 



(3) 



The low-cncrgy theorem relates 1(0) to the anomalous magnetic moment of 
the nucleon, k, and Eq. (3) becomes the original GDH sum rule:^° 



7(0) 



0-1/2(1^) - 0-3/2(1^) 



du 



M2 ' 



(4) 



where 2(Jtt = ^1/2 — 0-3/2- The 0{v^) term yields a sum rule for the gen- 
eralized forward spin polarizability:^^ 



Xq 



gi{x,Q ) 



-dv 



x^g2{x,Q^) 



dx. 



(5) 



Considering the longitudinal-transverse interference amplitude gLT, the 
0{u'^) term leads to the generalized longitudinal-transverse polarizability:^^ 



6lt{Q') = (^) 



1^0 

Xo 



gi{x,Q^)+g2{x,Q^) 



dx. 



(6) 



Alternatively, we can consider the covariant spin-dependent WCS am- 
plitudes Si and ^2, which are related to the spin-flip amplitudes grr and 

gLT- The unsubtracted dispersion relations for ^2 and US2 lead to a "super- 
convergence relation" that is valid for any value of Q^, 

-1 

g2{x,Q^)dx = 0, (7) 



/ 

Jo 



which is the Burkhardt-Cottingham (BC) sum rule.^^ 

At high the OPEi"* for the VVCS amplitude leads to the twist 
expansion. The leading-twist (twist-2) component can be decomposed into 
flavor triplet (5^), octet (as) and singlet (AS) axial charges. The difference 
between the proton and the neutron gives the flavor non-singlet term: 

r?(Q2) _ r^^(Q2) ^ 1 ^ ^ o(a,) + o(i/g2), (8) 
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which becomes the Bjorken sum rule at the oo Hmit. 

The leading-twist part provides information on the polarized parton 
distributions. The higher- twist parts are related to quark- gluon interations 
or correlations. Of particular interest is the twist-3 component, ^2, which 
is related to the second moment of the twist-3 part of gi and g2- 



where is the twist-2 part of 52 as derived by Wandzura and Wilczek^^ 



d2 is related to the color electric and magnetic polarizabilitics, which de- 
scribe the response of the collective color electric and magnetic fields to the 
spin of the nucleon.^^ 

3. Description of the JLab experiments 

The inclusive experiments described here took place in JLab Halls A-'^* and 
B.^^ The accelerator produces a polarized electron beam of energy up to 6 



A polarized high-pressure (~12 atm.) gaseous ■^He target was used as 
an effective polarized neutron target in the experiments performed in Hall 
A. The average target polarization, monitored by NMR and EPR tech- 
niques, was 0.4±0.014 and its direction could be oriented longitudinal or 
transverse to the beam direction. The measurement of cross sections in the 
two orthogonal directions allowed a direct extraction of gf^^ and g2^^, or 
equivalently (Ttt and ctlt- 

The scattered electrons were detected by two High Resolution Spectrom- 
eters (HRS) with the associated detector package. The high luminosity of 
10^^ cm~^s~^ allowed for statistically accurate data. 

The spin structure functions gf and g2 are extracted using polarized 
cross-section differences. Electromagnetic radiative corrections were per- 
formed. Nuclear corrections are applied via a PWIA-based model. To 
form the moments, the integrands (e.g. cttt or gi) were determined from 
the measured points by interpolation. To complete the moments for the un- 
measured high-energy region, the Bianchi and Thomas parameterization^^ 
was used for 4 < W"^ < 1000 GeV^ and a Regge-type parameterization was 






(10) 



GeV. 
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used for > 1000 GeV^. Polarized solid ^^NE^ and ^^NDs targets using 
dynamic nuclear polarization were used in Hall B. The CEBAF Large Ac- 
ceptance Spectrometer (CLAS) in Hall B, which has a large angular (2.57r 
sr) and momentum acceptance, was used to detect scattered electrons. The 
spin structure functions were extracted using asymmetry measurements 
together with the world unpolarized structure function fits.^^ Radiative 
corrections were applied. 

4. Recent results from Jefferson Lab 

4.1. Results of the generalized GDH sum and BC sum for 
^He and the neutron 

Fig. 1 shows the extended GDH integrals I{Q^) (open circles) for ^He (pre- 
liminary) (upper- left) and for the neutron (upper-right), which were ex- 
tracted from Hall A experiment E94-010^ , from break-up threshold for 
^He (from pion threshold for the neutron) to W = 2 GeV. The uncertain- 
ties, when visible, represent statistics only; the systematics arc shown by 
the grey band. The solid squares include an estimate of the unmeasured 
high-energy part. The corresponding uncertainty is included in the system- 
atic uncertainty band. The preliminary "''He results rise with decreasing . 
Since the GDH sum rule at = predicts a large negative value, a drastic 
turn around should happen at Q"^ lower than 0.1 GeV^. A simple model us- 
ing MAID"^ plus quasielastic contributions indeed shows the expected turn 
around. The data at low should be a good test ground for few-body 
Chiral Pertubation Theory Calculations. 

The neutron results indicate a smooth variation of I{Q^) to increas- 
ingly negative values as varies from 0.9 GeV^ towards zero. The data 
are more negative than the MAID model calculation.^ Since the calculation 
only includes contributions to I{Q^) for < 2 GeV, it should be compared 
with the open circles. The GDH sum rule prediction, 7(0) = — 232.8 /xb, 
is indicated in Fig. 1, along with extensions to > using two next- 
to-leading order xPT calculations, one using the Heavy Baryon approxi- 
mation (HBxPT)^^ (dotted line) and the other Relativistic Baryon xPT 
(RBxPT)24 (dot-dashed line). Shown with a grey band is RBxPT includ- 
ing resonance cffects,^^ which have an associated large uncertainty due to 
the resonance parameters used. 

The capability of transverse polarization of the Hall A ^He target allows 
precise measurcmctns of 92. The integral of T2^'^ (preliminary) and F" is 
plotted in the lower-left and lower-right panels of Fig. 1 in the measured 
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Fig. 1. Results of GDH sum I{Q^) and BC sum r2(Q^) for ''He (preliminary) and the 
neutron. The ^He GDH results are compared with the MAID model plus quasielastic 
contribution. The neutron GDH results are compared with xPT calculations of ref.^^ 
(dotted line) and ref.'^'* (dot-dashed line). The MAID model calculation of ref. ,^ is rep- 
resented by a solid line. Data from HERMES^® are also shown. The BC sum results 
(resonance only) are compared with MAID model calculations. 



region (solid circles) and open circles show the results after adding an es- 
timated DIS contribution for ^He (elastic contribution for the neutron). 
The solid squares (open diamonds) correspond to the results obtained after 
adding the elastic contributions for ^He, (adding an estimated DIS contri- 
bution assuming 92 — f^'' the neutron). The MAID estimate agrees 
with the general trend but slightly lower than the resonance data. The two 
bands correspond to the experimental systematic errors and the estimate of 
the systematic error for the low-x extrapolation. The total results are con- 
sistent with the BC sum rule. The SLAC E155x collaboration^^ previously 



February 8, 2008 21:52 



WSPC - Proceedings Trim Size: 9in x 6in spinsum 



7 

reported a neutron result at high (open square), which is consistent 
with zero but with a rather large error bar. On the other hand, the SLAG 
proton result was reported to deviate from the BC sum rule by 3 standard 
deviations. 

4.2. First moments of gi and the Bjorken sum 

The preliminary results from Hall B EGlb^ experiment on f i(Q^) at low to 
moderate are shown together with published results from Hall A"' and 
Hall B egla^'*^ in Fig. 2 along with the data from SLAC^^ and HERMES.^^ 
The new resiilts arc in good agreement with the published data. The inner 
uncertainty indicates the statistical uncertainty while the outer one is the 
quadratic sum of the statistical and systematic uncertainties. 

At Q^=0, the GDH sum rule predicts the slopes of moments (dotted 
lines). The deviation from the slopes at low can be calculated with 
XPT. We show results of calculations by Ji et al?^ using HB^PT and by 
Bernard et al. with and without^^ the inclusion of vector mesons and A 
degrees of freedom. The calculations are in reasonable agreements with the 
data at the lowest settings of 0.05 - 0.1 GeV^. At moderate and large 
Q"^ data are compared with two model calculations^^'^® . Both models agree 
well with the data. The leading-twist pQCD evolution is shown by the grey 
band. It tracks the data down to surprisingly low , which indicates an 
overall suppression of higher- twist effects. 

4.3. Spin Polarizabilities: 70, Slt and d-2 for the neutron 

The generalized spin polarizabilities provide benchmark tests of xPT cal- 
culations at low Q^. Since the generalized polarizabilities have an extra 
weighting compared to the first moments (GDH sum or /lt), these 
integrals have less contributions from the large-z^ region and converge much 
faster, which minimizes the uncertainty due to the unmeasured region at 
large v. 

At low Q^, the generalized polarizabilities have been evaluated with 
next-to-leading order xPT calculations. ^^'^^ One issue in the xPT calcula- 
tions is how to properly include the nucleon resonance contributions, espe- 
cially the A resonance. As was pointed out in Refs.^'*'^^ , while 70 is sensitive 
to resonances, 5lt is insensitive to the A resonance. Measurements of the 
generalized spin polarizabilities are an important step in understanding the 
dynamics of QCD in the chiral perturbation region. 

The first results for the neutron generalized forward spin polarizabilities 
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Fig. 2. Preliminary results of ri(Q^) from CLAS eglb* for p, d, n and p-n, together 
with the published results from Hall A* and CLAS egla^'^ . The slopes at Q^=0 predicted 
by the GDH sum rule are given by the dotted lines. The MAID model predictions that 
include only resonance contributions are shown by the full lines while the dashed (dot- 
dashed) lines are the predictions from the Soffer-Teryaev (Burkert-Ioffe) model. The 
leading twist Q^-evolution of the moments is given by the grey band. The insets show 
comparisons with xPT calculatiosns. The full lines (bands) at low are the next-to- 
leading order xPT predictions by Ji et al. (Bernard et al.). 

7o{Q^) and Slt{Q^) were obtained at Jefferson Lab Hall A."* The results for 
7o(Q^) are shown in the top-left panel of Fig. 3. The statistical uncertain- 
ties are smaller than the size of the symbols. The data are compared with a 
next-to-leading order {0{p*)) HBxPT calculation,"^^ a next-to-leading or- 
der RBxPT calculation and the same calculation explicitly including both 
the A resonance and vector meson contributions.^'* Predictions from the 
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Fig. 3. Results for the neutron spin polarizabilitics 70 (top-left panel) and Si^t (bottom- 
left panel). Solid squares represent the results with statistical uncertainties. The light 
bands represent the systematic uncertainties. The dashed curves represent the HBxPT 
calculation."^^ The dot-dashed curves and the dark bands represent the RB^PT calcula- 
tion without and with-^* the A and vector meson contributions, respectively. Solid curves 
represent the MAID model. ^ The right panel shows the results from JLab*'"^* and 
SLAC,^^ together with the Lattice QCD calculations.^^ 



MAID model^ are also shown. At the lowest point, the RB^PT calcu- 
lation including the resonance contributions is in good agreement with the 
experimental result. For the HB^PT calculation without explicit resonance 
contributions, discrepancies are large even at = 0.1 GeV^. This might 
indicate the significance of the resonance contributions or a problem with 
the heavy baryon approximation at this Q^. The higher data point is 
in good agreement with the MAID prediction, but the lowest data point 
at = 0.1 GeV^ is significantly lower. Since 6lt is insensitive to the A 
resonance contribution, it was believed that Slt should be more suitable 
than 7o to serve as a testing ground for the chiral dynamics of QCD.^"'"'^^ 
The bottom-left panel of Fig. 3 shows Slt compared to xPT calculations 
and the MAID predictions. While the MAID predictions are in good agree- 
ment with the results, it is surprising to sec that the data are in significant 
disagreement with the xPT calculations even at the lowest Q^, 0.1 GeV^. 
This disagreement presents a significant challenge to the present Chiral 
Pertubation Theory. 

New experimental data have been taken at very low Q^, down to 0.02 
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GcV^ for the neutron ("^He)^^ and the proton and deuteron.^* Analyses 
are underway. Preliminary asymmetry results just became available for the 
neutron. These results will shed light and provide benchmark tests to the 
XPT calculations at the kinematics where they are expected to work. 

Another combination of the second moments, d2{Q^), provides an effi- 
cient way to study the high behavior of the nucleon spin structure, since 
it is a matrix element, related to the color polarizabilities and can be cal- 
culated from Lattice QCD. It also provides a means to study the transition 
from high to low Q"^. In Fig. 3, d2{Q^) is shown. The experimental results 
are the solid circles. The grey band represents the systematic uncertainty. 
The world neutron results from SLAC^'^(open square) and from JLab E99- 
117'^"' (solid square) arc also shown. The solid line is the MAID calculation 
containing only the resonance contribution. At low the HB^PT calcu- 
lation^^ (dashed line) is shown. The RBxPT with or without the vector 
mesons and the A contributions^^ are very close to the HBxPT curve at 
this scale, and are not shown on the figure for clarity. The Lattice QCD 
prediction^^ at = 5 GeV^ is negative but close to zero. There is a 2a 
deviation from the experimental result. We note that all models (not shown 
at this scale) predict a negative or zero value at large Q^. At moderate Q^, 
our data show that is positive and decreases with Q"^. 

Preliminary results at a range of 1-4 GeV^ for the neutron^^ are 
available now. New experiments are planned with 6 GeV beam"^" at average 

of 3 GcV^ and with future 12 GeV upgraded JLab^^ at constant 
values of 3, 4 and 5 GeV^. They will provide a benchmark test of the 
lattice QCD calculations. 

5. Conclusion 

A large body of nucleon spin-dependent cross-section and asymmetry data 
have been collected at low to moderate in the resonance region. These 
data have been used to evaluate the evolution of moments of the nucleon 

spin structure functions gi and 92, including the GDH integral, the Bjorken 
sum, the BC sum and the spin polarizabilities. 

At close to zero, available next-to-leading order xPT calculations 
were tested against the data and found to bo in reasonable agreement for 
Q2 of 0.05 to 0.1 GeV2 for the GDH integral liQ^), Ti{Q^) and the forward 
spin polarizability joiQ^)- Above of 0.1 GeV^ a significant difference 
between the calculation and the data is observed, pointing to the limit of 
applicability of xPT as becomes larger. Although it was expected that 
the xPT calculation of 6lt would offer a faster convergence because of 
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the absence of the A contribution, the experimental data show otherwise. 
None of the available xPT calculations can reproduce 5lt at of 0.1 
GeV^. This discrepancy presents a significant challenge to our theoretical 
understanding at its present level of approximations. 

Overall, the trend of the data is well described by phenomenological 
models. The dramatic evolution of Igdh from high to low was ob- 
served as predicted by these models for both the proton and the neutron. 
This behavior is mainly determined by the relative strength and sign of 
the A resonance compared to that of higher-energy resonances and deep 
inelastic processes. This also shows that the current level of phenomenolog- 
ical understanding of the resonance spin structure using these moments as 
observables is reasonable. 

The BC sum rule for both the neutron and ^He is observed to be satisfied 
within uncertainties due to a cancellation between the resonance and the 
elastic contributions. The BC sum rule is expcK;tc!d to be; valid at all Q^. 
This test validates the assumptions going into the BC sum rule, which 
provides confidence in sum rules with similar assumptions. 

Overall, the recent JLab data have provided valuable information on the 
transition between the non-perturbative to the perturbative regime of QCD. 
They form a precise data set for a check of xPT calculations. New results 
at very low for the neutron,^'' proton and deuteron^^ will be available 
soon. They will provide benchmark tests of the Chiral Pertubation Theory 
calculations in the kinematical region where they are expected to work. 

Future precision measurements^°'^^ of ^2 at =3 — 5 GeV^ will 
provide a benchmark test of Lattice QCD. 
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